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Abstract
In a simple hadronic model, the two-photon exchange contributions to the single spin asymmetries
for the nucleon and the 3He are estimated. The results show that the elastic contributions of two-
photon exchange to the the single spin asymmetries for the nucleon are rather small while those for
the 3He are relatively large. Besides the strong angular dependence, the two-photon contributions to
the single spin asymmetry for the 3He are very sensitive to the momentum transfer.
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1 Introduction
In recent years, the two-photon exchange (TPE) effect on the electron-nucleon scattering process attracts
many interests again after its success in recoiling the discrepancy of the form factor ratio caused by differ-
ent experimental extraction techniques [1–6]. The newly estimate results showed that the TPE correction
is rather important in extracting the proton’s form factors from Rosenbluth separation because of its ex-
plicit angle dependence. In addition to explaining the form factor ratio discrepancy, further calculations
have emphasized the direct connection between the TPE process and the single spin asymmetry (SSA),
Ay. For the elastic scattering process, this asymmetry is expected to be vanishing in the one photon
exchange approximation due to time-reversal invariance. However, it can receive non-zero contributions
from the interference between the one-photon exchange amplitude and the imaginary part of the TPE
amplitude. That means a nonzero Ay should be a strong evidence for the exist of the TPE contributions.
Since the Born contribution is not present, the measurements of Ay would provide a unique opportunity
to access the information on nucleon structure through the dynamics of the TPE. Recently, in the Jeffer-
son Lab, an experiment was designed to measure the single spin asymmetry of neutron using a vertically
polarized 3He target [7]. Since free neutron targets do not exist in nature, one has to consider nucleon
bound systems, such as deuteron [8] or 3He [9]. For the latter case, within a naive model and with only a
symmetric S-wave component in the bound state, the two protons have opposite spins and therefore one
should expect that the electromagnetic polarized response of the 3He essentially is the neutron one.
Theoretically, some calculations about the TPE corrections to the SSAs for nucleon target have been
performed in both the simple hadronic model [10] and the parton model [6]. In the latter approach, the
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results showed that at Q2 = 6 GeV 2 the TPE contributions to the SSA for the proton is of order 1%, and
for the neutron, at Q2 = 4.3 GeV 2, the SSA is somewhat larger than those for the proton [6]. In large
momentum transfer region, the electron-nucleon scattering can be considered through the scattering off
partons in the nucleon, and well described by the generalized parton distribution functions. However, the
experiment designed in the Jefferson Lab was concerned to the single spin asymmetry for the neutron
under 1 GeV 2. In such low Q2 range, we believe the simple hadronic model should be more efficient to
consider the TPE contributions. In this model, the SSA for the proton target has been evaluated [10]
and in present work we further estimate the TPE corrections to the SSAs for the neutron and the 3He
targets.
This paper is organized as follows. We present some analytical representations of the TPE contribu-
tions to the SSAs for the nucleon and the 3He within the simple hadronic model in the following section.
In section 3, some numerical results and discussions about the TPE contributions to the SSAs for the
nucleon and the 3He targets are presented.
2 TPE Contributions to the SSAs for Neutron and 3He
The 3He is also spin−1/2 particle, thus one can discuss the TPE contributions to the 3He in the same
way as the one has been done for the nucleon. Here taking electron-nucleon scattering process e−(p1) +
N(p2) → e
−(p3) +N(p4) for example, as one knows, after considering the TPE contributions, an extra
term is introduced in the effective electromagnetic vertex of the nucleon and the vertex becomes:
Γµ = F˜1γ
µ + F˜2
iσµνqν
2M
+ F˜3
γ ·KPµ
M2
(1)
with M is the nucleon mass and the three independent momenta are q = p1 − p3, K = p1 + p3 and
P = p2 + p4. The form factors F˜i, {i = 1, 2, 3} in above vertex are the functions of both the square of
the momentum transfer Q2 and the photon polarization parameter ǫ, which is related to the scattering
angle by ǫ = [1 + 2(1 + τ) tan2(θ/2)]−1. The form factors F˜1,2 are usually recombined as G˜E,M and F˜3
is expressed by Y2γ . Moreover, the TPE contributions are separated from those based on one photon
approximation, and one have,
G˜E,M (Q
2, ǫ) = GE,M (Q
2) + ∆GE,M (Q
2, ǫ), Y2γ =
ν
M2
F˜3
GM
, (2)
with ν = P ·K and GE,M are the electromagnetic form factors under one-photon approximation. With
the contributions of the TPE process, the reduced differential cross section and the SSA can be expressed
as:
σR = G
2
M +
ǫ
τ
G2E + 2GMR
(
∆GM + ǫGMY2γ
)
+ 2
ǫ
τ
GER
(
∆GE +GMY2γ
)
+O(e4),
Ay =
√
2ǫ(1 + ǫ)
τ
1
σR
{
−GMI
(
∆GE +GMY2γ
)
+GEI
(
∆GM +
( 2ǫ
1 + ǫ
)
GMY2γ
)}
. (3)
In this work, we restrict ourself to low energy transfer region with Q2 < 1 GeV 2. Then in the
calculations of the TPE corrections we only include the nucleon as the intermediate state. The Feynman
diagrams are shown in Fig. 1. The TPE amplitudes corresponding to the diagrams are:
M2γ = Z2e4
∫
d4k
(2π)2
[Na(k)
Da(k)
+
Nb(k)
Db(k)
]
. (4)
Here Z is the charge number of the targets, for the nucleon Z = 1 and for the 3He Z = 2. For the box
diagram (as shown in Fig. 1 (a)), one has,
Na = u¯(p3)γµ(pˆ1 − kˆ)γνu(p1)u¯(p4)Γ
µ
1γ(q − k)(pˆ2 + kˆ +M)Γ
ν
1γ(k)u(p2),
2
Da = [k
2 − λ2][(k − q)2 − λ2][(p1 − k)
2 −m2][(p2 + k)
2 −M2]. (5)
and in the same way one can get the expressions of Nb(k) and Db(k) for the crossed box diagram (as
shown in Fig. 1(b)). The electromagnetic vertex Γµ1γ(q) employed in Eq. (5) is the one under one-photon
approximation. The form factors F1 and F2 are directly parameterized in terms of the sums of monopoles,
of the form [10],
F1,2(Q
2) =
N∑
i=1
ni
di +Q2
, (6)
where ni and di are free parameters, and the normalization conditions are F
p
1 = 1 and F
p
2 = κp for
the proton, Fn1 = 0 and F
n
2 = κn for the neutron and F
He
1 = 1 and F
He
2 = κHe for the
3He, where
κp = 1.793, κn = −1.913 and κHe = −4.185 are the proton, neutron and helium anomalous magnetic
moments respectively. For the nucleon, we use the same parameters given by Ref. [10]. The parameters
used in this work for the 3He [11] together with those for nucleon are list in Table 1.
Table 1: Parameters for the nucleon and the 3He form factors fitted in Eq. (6). ni and di in units of
GeV 2.
F p1 F
p
2 F
n
1 F
n
2 F
He
1 F
He
2
N 3 3 3 2 3 3
n1 0.38676 1.01650 24.8109 5.37640 3.58300 3.58307
n2 0.53222 −19.0246 −99.8420 5.37640 0.19346 0.18396
n3 −0.94491 18.0371 75.0544 −− −7.15263 −7.15242
d1 3.29899 0.40886 1.98524 0.76533 0.25033 0.23274
d2 0.45614 2.94311 1.72105 0.59289 3.60308 3.58744
d3 3.32682 3.12550 1.64902 −− 0.32599 0.29276
To carry out the TPE corrections to the SSAs for the nucleon and the 3He, the loop integrals are
first evaluated analytically in terms of the four-point Passarino-Veltman functions [12] using the package
FeynCalc [13]. Then, the Passarino-Veltman functions are evaluated numerically with LoopTools [14].
The numerical results about TPE corrections to the SSAs are displayed in the following sections.
3 Numerical Results and Discussions
In order to calculate the TPE corrections to the SSAs, we also have to consider the TPE corrections to
the unpolarized differential cross sections. Similar to previous literatures [1, 5, 10], in the calculations of
the unpolarized differential cross sections, the IR divergences in the TPE loop integral are canceled out
by the standard MT corrections, which were introduced by L. M. Mo and Y. S. Tsai [15, 16] and had
been included in the experiment. As one knows, the soft part of the TPE corrections, which contains all
the information on IR divergences of the loop integral, can be expressed as Msoft2γ = δ
softM1γ . That
means the soft part of the TPE corrections contributes to F1 and F2 with same factor δ
soft. Then
correspondingly, one can conclude that the soft part of the TPE corrections to the electromagnetic form
factors are,
∆GsoftE /GE ≡ ∆G
soft
M /GM = δ
soft. (7)
As shown in Eq. (3), the SSA is related to the imaginary part of the TPE corrections, and the IR
divergent part of the TPE corrections only contributes to the electromagnetic form factors. Then we can
3
rewrite it as,
Ay =
√
2ǫ(1 + ǫ)
τ
1
σR
{
GEGM
[
I(∆GM )/GM − I(∆GE)/GE
]
+GM
[ 2ǫ
1 + ǫ
GE −GM
]
I(Y2γ)
}
. (8)
The second squared bracket only relates to Y2γ (or F˜3), which is IR finite. Taking Eq. (7) into the
first squared bracket one can see the soft part of TPE corrections has no contributions to the SSA, that
means the TPE corrections to the terms in the brace are IR finite and no more considerations about IR
divergence are needed.
As we mentioned in previous section, the expression used to evaluate the TPE corrections to the
3He are the same as those for the nucleon. In actual calculations, we only replace the nucleon mass,
nucleon charge number and form factors by the corresponding quantities of the 3He in Eqs. (1) - (5).
Detailedly, the mass of the 3He is about 3 times larger than the nucleon mass and the charge of the 3He
is 2e. Moreover the electromagnetic form factors of the 3He are somewhat softer than the nucleon form
factors and have zeros at Q2 ≃ 0.45 GeV 2 and Q2 ≃ 0.7 GeV 2 for the charge and magnetic form factors
respectively [17].
The θ dependence of the TPE contributions to the SSAs for the nucleon and the 3He are displayed
in Figs. 2 - 4. For Q2 = 0.2 GeV 2, as shown in Fig. 2, the TPE contributions to the SSAs for both the
proton and the neutron are positive and increase with the increasing of the scattering angle θ, and reach
about 1% for the proton and 0.25% for the neutron in the backward limit. While the SSA for the 3He
is negative and decreases with the increasing of θ and at about θ = 135◦, it reaches minimum value of
approximately 1.6%. For Q2 = 0.5 GeV 2 (Fig. 3) and Q2 = 1.0 GeV 2 (Fig. 4), the TPE contributions to
the SSAs for the proton are positive while for the neutron are negative and moreover, the absolute values
decrease with the increasing of the scattering angle. At the forward limit, the absolute values of the TPE
corrections to the SSAs for the proton (neutron) are less than 0.2% (0.15%) at Q2 = 0.5 GeV 2 and more
than 0.4% (about 0.4%) at Q2 = 1.0 GeV 2. For the 3He, the tendency of the curves are similar to the
one at Q2 = 0.2 GeV 2 and the minimum values are 15% and 3% at Q2 = 0.5 GeV 2 and Q2 = 1.0 GeV 2
respectively. From these figures, one can conclude the TPE contributions to SSAs for the 3He are strongly
dependent on the scattering angle and their amplitudes are much larger than those for the nucleon. One
reason is that the charge of the 3He is 2e this produces a factor 4 in the TPE amplitudes. Another is
that the form factors of the 3He are much softer than those of the nucleon, thus the contributions from
the TPE process with the two photon sharing the momentum transfer are large.
In the deep inelastic scattering language, the nucleon structures are described by four independent
functions W1, W2, G1 and G2. The first two are unpolarized structure functions while the rest two are
the polarized ones. Generally, the polarized structure functions are represented by the dimensionless
functions g1 = M
2νG1 and g2 = Mν
2G2. In the deep inelastic region, the structure functions g1,2 are
only depend on the Bjorken variable x = Q2/2Mν. However, this scaling behavior breaks down in non-
perturbative QCD, thus g1,2 are functions of both x and Q
2. In the naive quark model, where the quarks
are completely independent and gluons are not considered, g2 is expected to be zero. In this case, the
SSA, Ay, is directly proportional to the structure function g1.
In general, the spin structure functions of the 3He, g
3He
1 , can be represented as the convolution of those
of the neutron gn1 and of the proton g
p
1 with the spin-dependent nucleon light-cone momentum distribu-
tions ∆fN/3He(y), where y is the ratio of the struck nucleon to the nucleus light-cone plus components
of the momenta [18–21],
g
3He
1 (x,Q
2) =
∫ 3
x
dy
y
[
∆fn/3He(y)g
n
1 (x/y,Q
2) + ∆fp/3He(y)g1(x/y,Q
2)
]
. (9)
Detailed calculations [18–20] by various groups using different ground-state wave functions of the 3He
came to a similar conclusion that ∆fN/3He are sharply peaked around y ≃ 1 due to the small average
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separation energy per nucleon. Thus Eq. (9) can be approximated by [21],
g
3He
1 (x,Q
2) = Png
n
1 (x,Q
2) + 2Ppg
p
1(x,Q
2), (10)
with Pn (Pp) are the effective polarizations of the neutron (proton) inside the polarized
3He. Considering
the ground state wave function of the 3He, which corresponds to S-wave type interaction between any
pair of the nucleons inside the 3He, only the neutron is polarized. Thus, one has Pn = 1 and Pp = 0.
In practice, the wave function of the 3He include also higher partial waves, namely the D and S′ partial
waves, this leads to the depolarization of spin of the neutron and polarization of the protons in the
3He. The average of calculations with several models can be summarized as Pn = 0.86 ± 0.02 and
Pp = −0.028± 0.004 [22].
According to Eq. (10) and the approximation that the SSA Ay is proportional to the polarized
structure g1, one has,
A
3He
y =
σn
σ3He
PnA
n
y + 2
σp
σ3He
PpA
p
y, (11)
where σn, σp and σ
3He are the unpolarized differential cross sections for the neutron, proton and 3He. In
present work, we first estimate the TPE corrections to the SSAs for the 3He directly from Eq. (4) and
also we can calculate A
3He
y from Eq. (11) based on the TPE corrections to the SSAs for the nucleon.
The Q2 dependences of the TPE corrections to the SSAs for the 3He at different scattering angles are
displayed in Figs. 5 - 7. In these figures, A
(a)
y means the TPE corrections to the SSAs for the 3He obtained
directly from Eq. (4), which are corresponding to the solid curves in the figures. While A
(b)
y refers to the
SSAs for the 3He estimated from Eq. (11) based on the TPE corrections to the SSAs for the nucleon.
From these figures one can see, in the region with Q2 under 0.1 GeV 2, the SSAs for the 3He are very close
to zero and in this region the results obtained from two different methods are consistent with each other.
For the solid curves, one can see, they all have deep dips in the range 0.4 GeV 2 < Q2 < 0.5 GeV 2. For
θ = π/10, the dip appears at Q2 ≃ 0.4 GeV 2 and the minimum value is about 3%. While for θ = π/3,
at Q2 ≃ 0.43 GeV 2, the SSA A
(a)
y reaches minimum value of approximately −8% and for θ = 2π/3, A
(a)
y
reaches its minimum at Q2 ≃ 0.5 GeV 2 with the value about −11%. These dips can be well explained
by the zero point of the charge form factor of the 3He at Q2 ≃ 0.45 GeV 2. With Q2 increasing, the
solid curves go up quickly, and in the region around 0.8 GeV 2, they begin to drop again, this can be
interpreted as the reflection of zero point of the 3He magnetic form factor at Q2 ≃ 0.7 GeV 2.
In Figs. 5 - 7, the dashed curves, which correspond with the SSAs for the 3He obtained from Eq.
(11), drop quickly in the range Q2 > 0.2 GeV 2. This feature is the same with the one of the solid curves.
However, as one can see from these figures, the A
(b)
y monotonically decreases with Q2 increasing and
quantitatively reaches several hundred percent at Q2 = 1 GeV 2, which is not consistent with the solid
curves. In Eq. (11), the effective polarizations of the proton is only 1/30 of the neutron, that means, the
polarization of neutron is more important inside the polarized 3He. Thus, one has A
3He
y ∼ σ
n/σ3HePnA
n
y .
In Fig. 8, we shown the differential cross section ratio of the neutron to the 3He at different scattering
angles. We see that the form factors of the 3He is much softer than the nucleon (except the neutron
electric form factor), that leads the ratio σn/σ3He increases rapidly with the Q
2 increasing. From the
figure, one can find, in the range Q2 > 0.4 GeV 2 the differential cross section of neutron is at least two
orders larger than those of the 3He for θ = π/10 and π/3. Even for θ = 2π/3, the differential cross section
ratio of neutron to 3He is also at least 30. Such a large ratio leads to the SSAs for 3He obtained from
Eq. (11) decreases rapidly with the increasing of Q2. Above all, in Eq. (11), the SSA for the 3He is just
approximately equal the the sum of the contributions from the proton and neutron. Eq. 11 had only been
verified in the Q2 range from several GeV 2 to about 10 GeV 2 [21]. The validity of this approximation
keeps unknown in the low energy transfer region. In Figs. 5-7, we believe the results from two different
methods are consistent under 0.1 GeV 2 just because the TPE contributions are nearly invisible in such
low energy transfer region. Moreover, in the right-hand side of Eq. (11), for the calculations of the SSAs
for the nucleon contributed from the TPE process, only the elastic contribution has been considered.
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The corrections from the nucleon resonances, such as ∆(1232) are expected to revise the results within
a specific limits. Thus, in the present work, we prefer the results from the direct calculation of Eq.
(4). Furthermore, the calculations within the plain wave impulse approximation [19,23,24], in which the
nuclear current arise from the one-nucleon current and the residual nucleus is assumed not participate in
the scattering precess, may provide more accurate information on TPE corrections to SSA for 3He.
To summarize, we have studied the TPE corrections to the SSAs for the nucleon and the 3He in a
simple hadronic model, and in present calculations only the elastic contributions are considered. The
SSAs for the nucleon are found to be rather small, while for the 3He are rather large. Another important
feature of the SSA for 3He is its strong dependence of the momentum transfer. From our calculations,
one can conclude that the SSAs for the 3He should be more easily measured in the scattering angle range
120◦ < θ < 150◦ and momentum transfer range from 0.3 GeV 2 to 0.6 GeV 2 in the experiments. We also
try to estimate the SSA for the 3He from the contributions of its nucleon component based on a very
simple approximate equation. The results obtained from this approximation are comparable to those
from the direct calculations of the TPE process at very small Q2 region. However, large discrepancies
between the results from the two methods are presented at the range Q2 > 0.3 GeV 2. Further study of
the SSAs for the 3He based on the plane wave impulse approximation are needed.
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Fig. 1: Feynman diagram used in present calculations.
0 30 60 90 120 150 180
-3
-2
-1
0
1
A
y (
%
)
Scattering Angle 
 Proton
 Neutron
 Helium
Q 2 = 0.2 GeV 2
Fig. 2: The TPE contributions to the SSAs for the nucleon and the 3He at Q2 = 0.2 GeV 2.
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Fig. 3: The same as Fig. 2 but for Q2 = 0.5 GeV 2.
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Fig. 4: The same as Fig. 2 but for Q2 = 1.0 GeV 2.
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Fig. 5: The Q2 dependence of the TPE contributions to the SSA for the 3He at θ = π/10 . A
(a)
y is the
result from a direct estimation of the TPE contributions. while A
(b)
y is the result obtained form Eq. (11).
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Fig. 6: The same as Fig. 5 but for θ = π/3.
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Fig. 7: The same as Fig. 5 but for θ = 2π/3.
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Fig. 8: The differential cross section ratio of the neutron and the 3He at the different scattering angle.
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